Introduction
In March-April 2009, a novel pandemic H1N1 emerged in the human population in North America. 1 The gene constellation of the emerging virus was demonstrated to be a combination of genes from swine influenza A viruses (SIV) of North American and Eurasian lineages that had never before been identified in swine or other species. The emergent H1N1 quickly spread in the human population and the outbreak reached pandemic level 6 as declared by the World Health Organization on 11 June 2009. Although the eight gene segments of the novel virus share lineage with available sequences of corresponding genes from SIV from North America and Eurasia, no closely related ancestral SIV with this gene combination has been identified in North America or elsewhere in the world. 2, 3 Other than sporadic transmission to humans, 4, 5 SIV of the H1N1 subtype historically have been distinct from avian and other mammalian H1N1 influenza viruses in characteristics of host specificity, serologic cross-reactivity, and ⁄ or nucleotide sequence. Since 1997-1998 in North America, multiple subtypes of endemic SIV (H3N2, H1N1, and H1N2) co-circulate in most major swine producing regions of the USA and Canada (reviewed in Ref. 6 ). The North American SIV have a triple reassortant internal gene (TRIG) constellation consisting of six genes excluding the surface glycoproteins, hemagglutinin (HA), and neuraminidase (NA), with the six TRIG genes being derived from swine, avian, and human influenza viruses.
Additionally, introduction of H1N1 and H1N2 viruses with the HA and NA genes originating from contemporary human seasonal influenza A viruses (hu-like H1) that are genetically and antigenically distinct from the classical swine H1 lineage were reported in pigs in Canada. 7 The viruses identified in Canadian pigs were human virus lineage in entirety or double (human-swine) reassortants. Since 2005, hu-like H1N1 and H1N2 viruses have emerged in swine herds across the USA as human-swine reassortants possessing the TRIG. 8 Four phylogenetic clusters (a, b, c, and d) of H1 SIV are now endemic in US swine. 8, 9 However, to date, Eurasian lineage SIVs have not been reported in the USA, thus the potential impact of transmission of the pandemic H1N1 virus to the US pig population is unknown.
In experiment 1, weaned pigs were experimentally inoculated with A ⁄ CA ⁄ 04 ⁄ 2009 H1N1 to evaluate clinical signs and lesions during acute infection with the human pandemic virus in the swine host. As North American lineage H1 SIV are endemic in the USA, it is also important to understand the role that existing herd immunity against endemic swine H1 may play in protecting the swine population from the human pandemic H1N1 2009. The serologic cross-reactivity of a panel of swine antisera generated against H1N1 or H1N2 SIV was investigated against three novel human A ⁄ H1N1 isolates in experiment 2 to predict the susceptibility of pigs with pre-existing immunity against North American lineage H1 swine viruses against the pandemic H1N1 2009. To rapidly differentiate the novel H1N1 from endemic North American H1 SIV, in experiment 3 a restriction fragment length polymorphism (RFLP) developed for the matrix (M) gene was evaluated for use as a method of discriminating H1 genotypes in swine specimens. 
Materials and methods

Virus isolates
In vivo study
In experiment 1, four 5-week-old cross-bred pigs from a herd free of SIV and porcine reproductive and respiratory syndrome virus (PRRSV) were housed in ABSL3 isolation and cared for in compliance with the Institutional Animal Care and Use Committee of the National Animal Disease Center. Pigs were inoculated intra-tracheally with 2 ml of 1 · 10 5 50% tissue culture infectious dose (TCID 50 ) of CA⁄ 09 (H1N1)v as previously described. 9 Four additional age-and source-matched pigs were maintained as negative controls.
All pigs were screened for influenza A nucleoprotein antibody by ELISA (MultiS ELISA; IDEXX, Westbrook, ME, USA) before the start of the study to ensure absence of prior immunity. Pigs were observed twice daily for signs of clinical disease and fever. Nasal swabs (Fisherbrand Dacron swabs; Fisher Scientific, Pittsburg, PA, USA) were taken and placed into 2 ml minimal essential medium (MEM) on 0, 1, 2, 3, 4, and 5 days post-infection (dpi) to evaluate nasal virus shedding and stored at )80°C until study completion. Pigs were humanely euthanized with a lethal dose of pentobarbital (Sleepaway; Fort Dodge Animal Health, Fort Dodge, IA, USA) on 5 dpi to evaluate lung lesions and viral load in the lung and other selected tissues. Fresh samples were taken from lung, tonsil, inguinal lymph node, liver, spleen, kidney, semitendinosus skeletal muscle (ham), and colon contents (feces) using individual sterile instruments for each tissue. Fresh necropsy samples were stored at )80°C until processed for downstream assays. Additional samples of the same tissues were fixed in 10% buffered formalin and processed by routine methods for histopathologic and immunohistopathologic examination. Immunohistochemical methods for the detection of influenza antigen in tissues using monoclonal antibody against type A nucleoprotein were employed as previously described. 10 Bronchoalveolar lavage fluid (BALF) samples from 5 dpi were screened for aerobic bacterial growth on blood agar and Casmin (Nicotinamide adenine dinucleotide (NAD) enriched) plates. Diagnostic polymerase chain reaction (PCR) for PCV2 11 and Mycoplasma hyopneumoniae, 12 or an in-house reverse transcriptase PCR (RT-PCR) for PRRSV were conducted on nucleic acid extracts from BALF.
Virus isolation from tissues
Frozen necropsy samples were utilized to assess tissue viral load. Approximately 500 mg of tissue or colon contents (feces) were placed in a 1AE5-ml pestle tube and homogenized in 300 ll of PBS with antibiotics. Subsequently, 200 ll of the tissue homogenate, serum, or nasal swab sample was then placed on confluent MDCK cells in 24-well plates to incubate for 1 h. After 1 h of incubation, the sample was removed and 400-ll MEM w ⁄ TPCK trypsin was added. The plate was checked at 24 and 48 h for cytopathic effects. After 48 h, 200 ll of cell culture supernatant from each well of the 24-well plate was subsequently passed onto a confluent 48-well plate after a freeze and thaw cycle. After 48 h, evidence of cytopathic effects was evaluated and presence of virus antigen confirmed by immuno-cytochemical staining. Two replicates of tissue virus isolation were conducted. Virus titers in BALF and nasal swabs were determined on MDCK cells in 96-well plates.
RNA extraction from tissues and fluids
The MagMax Microarray (Ambion, Austin, TX, USA) protocol for RNA extraction from tissues was followed.
Approximately 10 mg of each tissue was placed in a 1AE5-ml pestle tube and homogenized in 300 ll of PBS w ⁄ antibiotics. Tissue homogenate (100 ll) from above was added to bromo-chloro-propane (10 ll), incubated for 5 min at room temperature, centrifuged at 12 000 · g for 10 min at 4°C and 100 ll of the aqueous phase was transferred to the processing plate for MagMax RNA extraction as per manufacturer's instructions. The MagMax Viral RNA Isolation (Ambion) kit protocol was used as per manufacturer's instructions for serum, nasal swab, or BALF by adding 50 ll of serum, nasal swab, or BALF sample to the Mag Max plate for RNA extraction.
Real time RT-PCR
A TaqMan assay targeting the matrix gene was performed as previously described 13 with modification as per the USDA-APHIS National Veterinary Services Laboratory protocol to increase sensitivity for the pandemic virus matrix gene by adding a pandemic H1N1 2009 matched reverse primer.
Serologic assays
In experiment 2, 38 polyclonal antisera from pigs immunized with 19 H1 SIV isolated during 1999-2008 were tested against the pandemic viruses in a standard hemagglutination inhibition (HI) assay.
14 Each of the four phylogenetic clusters (a, b, c, and d) 8, 9 of endemic North American H1 SIV were represented in the panel of sera as previously described 15 and with additional SIV isolates using the same methodology (A.L. Vincent, unpublished). Virus isolates used to generate antisera are listed in Table 3 . Immunized pigs received intramuscular injections of 1 · 10 6 TCID 50 per ml or approximately 64-128 HA units of UV-inactivated influenza virus combined with a commercial adjuvant (Emulsigen D; MVP Laboratories, Inc., Ralston, NE, USA), followed by one or two booster doses 2-3 weeks apart until sufficient homologous HI titers were reached. For use in the HI assay, sera were heat inactivated at 56°C for 30 min, then treated to remove non-specific HA inhibitors and natural serum agglutinins with receptor destroying enzyme followed by treatment with a 20% suspension of kaolin (Sigma Aldrich, St Louis, MO, USA) and adsorption with 0AE5% turkey red blood cells (RBCs). The HI assays were then performed with the CA ⁄ 09, NY ⁄ 09, and MX ⁄ 09 viruses as antigens and turkey RBC using standard techniques.
14 Additionally, 14 antisera from pigs immunized with five commercial vaccines or vaccines in the process of eventual licensure from the USDA-APHIS Center for Veterinary Biologics were tested against the pandemic 
RFLP analysis
To identify the Eurasian lineage matrix gene found in pandemic H1N1 2009 by RFLP analysis, isolated RNA was amplified by RT-PCR using forward primer 5¢-CAT-CCCGTCAGGCCCCCTCA and reverse primer 5¢-CAT-GGCCTCCGCTGCCTGTT in experiment 3. Specifically, 4 ll RNA was subjected to amplification by the One-Step RT-PCR Kit (Qiagen, Valencia, CA, USA) using a final concentration of each primer at 0.6 lm with 5 units of RNase inhibitor (Invitrogen, Carlsbad, CA, USA) included in a total volume of 25 ll. Cycling conditions were as follows: 1 cycle of 50°C for 30 min followed by 95°C for 15 min; 35 cycles of 94°C for 30 s, 58°C for 40 s, and 72°C for 1 min; 1 cycle of 72°C for 10 min followed by a 4°C hold. After amplification, 17 ll was digested for 2 h with restriction endonuclease AlwNI under manufacturer's suggested conditions (New England BioLabs, Ipswich, MA, USA). Digested samples were analyzed using a 1AE2% agarose gel. Products migrated as an uncleaved 568-bp fragment for endemic North American SIV matrix genes or as cleaved (40, 185, and 343 bp) fragments for the Eurasian SIV-lineage matrix gene in the pandemic H1N1 2009.
Results
A ⁄ CA ⁄ 04 ⁄ 2009 induced clinical disease in pigs
All pigs were free of influenza A virus and influenza A virus antibodies prior to the start of the experiment. All pigs were negative for extraneous viral and M. hyopneumoniae in the BALF at 5 dpi and were negative for significant aerobic bacterial growth from BALF. Negative control pigs remained negative for influenza A virus. All pigs infected with CA ⁄ 09 developed clinical disease and elevated rectal temperatures beginning as early as 24 h post-infection and extending to 4-5 dpi. Mean rectal temperatures peaked on 2 dpi at 40AE4°C with a maximum individual temperature of 41AE4°C. Clinical signs were typical of acute respiratory illness with SIV, including lethargy, inappetence, and increased respiration rate and respiratory effort. Nasal virus shedding was detected as early as 1 dpi by RT-PCR and 2 dpi by virus isolation on MDCK cells (Table 1) . Virus isolation identified no biologically viable virus outside the respiratory tract whereas viral nucleic acid was identified at low levels in serum and lymph node ( Table 2) .
All pigs had cranioventral lung consolidation with the percentage of lung involved ranging from 10% to 22%. Microscopic lesions in lungs were typical of influenza virus infection in pigs and were characterized by multifocal to widespread necrotizing bronchitis and bronchiolitis, light peribronchiolar lymphocytic cuffing, and mild multifocal interstitial pneumonia. Airway damage involved all levels of the intrapulmonary respiratory tract and varied from acute epithelial necrosis and sloughing or bronchioles lined by attenuated epithelium and filled with necrotic cellular debris to subacute lesions characterized by disorganized proliferative epithelium lining recovering bronchi and bronchioles. Occasional alveoli contained necrotic cellular debris, but most were clear of debris or inflammatory infiltrates. Tracheal epithelium was focally attenuated in two pigs. No microscopic lesions were observed in other tissues. Lung tissues from all pigs were positive for immunohistochemical staining of influenza A viral antigen. Virus antigen was detected in attached and sloughing necrotic epithelial cells in large to small bronchioles and occasionally in cells or necrotic debris in alveolar lumens ( Figure 1B) . Only an occasional tracheal epithelial cell contained virus antigen. No viral antigen was detected in liver, kidney, spleen, lymph nodes, tonsil, or skeletal muscle in any of the pigs (data not shown).
Serologic cross-reactivity
The cross-reactivity of the panel of swine H1 antisera against the three pandemic H1N1 2009 isolates is summarized in Table 3 . A reciprocal HI titer for individual pig antiserum is reported for each virus isolate. Cross-reactivity ranged from minimal to moderate among the three viral antigens based on reduction between the homologous and heterologous reciprocal HI titers. The greatest cross-reactivity was demonstrated between A ⁄ Mexico ⁄ 4108 ⁄ 2009 and antisera generated against SIV from the H1c phylogenetic cluster. Cross-reactivity with antisera from vaccinated pigs was limited against all three 2009 pandemic viral antigens.
Discrimination of pandemic H1N1 2009 by RFLP analysis of the matrix gene
An alignment of endemic swine influenza matrix gene nucleotide sequences with CA ⁄ 09 (FJ966085, 972 bp) revealed two unique sites (nt 72 and 415) for restriction endonuclease AlwNI. To assess whether this site could be used to differentiate the novel H1N1 isolate from the pres- Table 1 . Nasal shedding and viral load in the lung by RT-PCR and virus titration* Pig Nasal swab Bronchoalveolar lavage fluids 1 dpi 2 dpi 3 dpi 4 dpi 5 dpi 5 dpi
*RT-PCR result ⁄ log 10 TCID 50 titer ⁄ mL. 
ent circulating SIV based on the matrix gene, a panel of 24 SIV isolated from cases of respiratory disease from US swine and three pandemic isolates were analyzed using the RFLP test. As shown in Figure 2 , the M genes of none of the 24 viruses isolated from US swine were susceptible to digestion with AlwNI (lanes 1-24) , whereas the M genes of all three human isolates were cleaved into 40, 185, and 343 bp fragments (lanes 25, 30, 31). RNA extracted directly from BALF from animals infected with CA ⁄ 09 were also examined by this method (lanes 26-29) and produced identical results as the human isolates.
Discussion
Although In the study reported here, tissues outside the respiratory tract were found to be negative by virus isolation at 5 dpi. Only respiratory tract samples were positive by both realtime RT-PCR and virus isolation. The inguinal lymph node from one pig and serum from two pigs were positive for viral RNA, but lymph node and serum samples from all pigs were negative by virus isolation. This demonstrates the sensitivity of the RT-PCR assay in that viral nucleic acid in lymph tissue and blood can be detected by RT-PCR when infectious virus cannot. In contrast, all day 5 post-infection BALF, nasal swabs, and lung tissue homogenates from two out of four pigs were positive by virus isolation and RT-PCR. Lung samples from two pigs were negative in both replicates of virus isolation but positive by RT-PCR. The negative virus isolation results from lung tissues were likely due to sampling and ⁄ or the presence of a severe inflammatory response in the lungs of these two pigs leading to virus inactivation. A future study is planned to evaluate influenza levels in tissues by VI and real-time RT-PCR at additional time points.
Limited serologic cross-reactivity with the pandemic H1N1 2009 isolates was demonstrated in HI tests with sera from pigs infected or vaccinated with contemporary H1 SIV, although variation in cross-reactivity between viral antigens was apparent. The reduction in reactivity was demonstrated by the eightfold or greater decrease in titer when compared to homologous HI titer. An eightfold or greater loss in reactivity is considered a significant reduction that may be predictive of decreased protection from challenge. NY ⁄ 09 was used as antigen against the swine anti-SIV panel with results similar to those obtained with CA ⁄ 09. However, MX ⁄ 09 demonstrated broader cross-reactivity with the NADC H1 serum reference panel. This was especially apparent for sera from pigs immunized with viruses from the H1c HA phylogenetic cluster. The cross-reactivity with antisera from viruses of this cluster is important as this is the HA clade in which the HA from the 2009 pandemic H1N1 is most closely related. 1 Thus, it is possible to speculate that pre-existing immunity to certain currently circulating H1 SIV strains may provide some level of protection in pigs against the pandemic virus. However, the differences between the pandemic H1N1 2009 isolates suggest a possibility of biologic variation in host and ⁄ or virus properties responsible for the variation in serologic cross-reactivity. The CA ⁄ 09 HA gene has 99AE1% identity at the amino acid level with the NY ⁄ 09 and MX ⁄ 09 viruses, with four to five amino acid changes over the entire HA molecule depending on the reference sequences compared. However, none of these changes occurs at the receptor binding site or at putative antigenic sites, making the mechanism behind the differences in antigenicity unclear. The effect this variation would have on preventing transmission of the pandemic H1N1 2009 from the human population to pig populations with prior immunity to SIV remains unknown.
Serologic cross-reactivity with antisera from pigs vaccinated with five US commercial vaccines was additionally assessed by HI with the three pandemic H1N1 isolates. Cross-reactivity was consistently low between the vaccine antisera and all pandemic H1N1 2009 novel viruses tested, although titers were slightly higher with the isolate from Mexico. This suggests that currently available vaccines may provide only limited protection against infection with the novel human H1N1. Future studies will investigate a subset of the vaccines from this in vitro study in a vaccination efficacy challenge model to validate the serum cross-reactivity.
To discriminate between the endemic North American SIV isolates and the pandemic H1N1 2009, an RT-PCR-RFLP assay was developed and evaluated on a panel of virus isolates as well as clinical samples from the pigs experimentally infected with CA ⁄ 09. None of the matrix gene amplicons from the panel of endemic SIV were cut by AlwNI. The matrix genes from the three examined pan- A  1280  10  <10  20  1280  <10  <10  <10  640  <10  <10  <10  640  <10  <10  <10  Vaccine B  320  <10  10  40  640  <10  <10  <10  640  40  10  40  Vaccine C  -<10  <10  <10  -10  <10  10  Vaccine D  1280  20  10  40  1280  40  20  80  1280  20  10 40 The pig has been suggested to be a 'mixing vessel' for emergence of influenza viruses with pandemic potential due to the presence of both avian and mammalian receptors expressed by respiratory tract epithelial cells. 18 However, both receptors linkage types have been additionally detected in the respiratory tract of humans 19 and in the trachea and intestine of quail. 20 These findings suggest the potential hosts for reassortment events between avian and mammalian influenza A viruses are not as limited as once thought. The pandemic H1N1 2009 demonstrates the potential for viruses with genes from swine lineages to emerge and spread in the human population. Although the novel reassortant H1N1 has not been identified circulating endemically in swine, reassortants between the North American and Eurasian lineage swine viruses have been identified from pigs in China. 2 It is apparent that pigs may be infected at least transiently with wholly avian and ⁄ or human viruses, allowing reassortment with swine viruses to acquire avian and ⁄ or human virus gene segments. 7, [21] [22] [23] [24] [25] [26] The 2009 pandemic H1N1 underscores the potential risk to human and animal populations of other influenza virus subtypes and genotypes that may evolve with the SIV TRIG backbone. Increased surveillance and monitoring for the pandemic A ⁄ H1N1 as well as other SIV in both the swine and human populations are critical to understand the dynamic ecology of influenza A viruses in susceptible host populations. 
